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Introduction 

Tumors  cannot  grow  without  a  blood  supply.  To  secure  a  blood  supply,  they  take  over  existing 
blood  vessels  and  promote  angiogenesis— the  sprouting  of  new  vessels  from  existing  ones. 
Initiation  of  angiogenesis  (the  angiogenic  switch)  is  an  important  early  event  in  tumour 
progression,  and  neovascularization  begins  in  pre-malignant  lesions.  Because  tumor  vessels 
are  growing  and  because  they  reside  in  a  tumor  environment,  these  vessels  are  distinct  from 
normal  resting  blood  vessels.  The  distinct  characteristics  of  tumor  vasculature  make  possible  to 
design  therapeutic  agents  that  specifically  target  the  vessels  in  the  tumor,  but  not  normal  blood 
vessels.  Tumor  blood  vessels  make  excellent  therapeutic  targets  because  they  are  available  to 
agents  in  the  blood  stream  and  because  they  do  not  possess  the  genetic  instability  that  allows 
cancer  cells  to  develop  drug  resistance.  Identifying  tools  for  therapeutic  targeting  was  the  focus 
of  this  project,  for  which  this  final  report  is  written. 

Dr.  Erkki  Ruoslahti’s  laboratory,  where  the  work  was  done,  uses  libraries  of  phage-displayed 
peptides  to  identify  specific  changes  in  tumor  vasculature,  particularly  the  vasculature  of  breast 
cancers.  I  have  used  a  modification  of  this  procedure  to  identify  a  novel  peptide  that  homes  to 
MDA-MB-435  breast  cancer  and  other  xenografts  grown  in  mice. 


Description  of  the  training 

Kimmo  Porkka,  MD,  PhD.  received  research  training  in  clinical  epidemiology,  clinical  cancer 
research,  and  human  molecular  genetics.  His  clinical  training  includes  specialist  degrees  in 
internal  medicine  and  clinical  hematology.  To  complement  his  clinical  training,  he  worked  in  Dr 
Erkki  Ruoslahti’s  laboratory  at  The  Burnham  Institute  in  La  Jolla  from  April  1999  to  June  2001, 
after  which  he  returned  to  the  Department  of  Hematology  at  the  University  of  Helsinki.  He  also 
has  a  laboratory  and  an  adjunct  appointment  at  Biomedicum  Helsinki,  a  basic  research  unit  at 
the  University.  The  stay  at  The  Burnham  Institute  allowed  Dr.  Porkka  to  become  proficient  in 
molecular  biology  and  vascular  biology  research.  His  current  position  as  a  physician  scientist 
in  Helsinki  attests  to  the  effectiveness  of  the  experience  he  gained  during  his  stay  in  La  Jolla. 
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RESULTS  XU 

A  new  tumor-homing  phage  (F3)  was  isolated  by  combining  ex  vivo  screening  of  a  phage  cDNA 
library  on  cell  suspensions  prepared  from  bone  marrow  and  in  vivo  screening  for  tumor  homing. 
The  F3  phage  recognizes  the  blood  vessels  in  the  MDA-MB-435  breast  cancer  and  HL-60 
leukemia  xenograft  tumors.  The  F3  cDNA  in  the  phage  encodes  a  31 -amino  acid  fragment  of  a 
nuclear  protein,  HMGN2.  Whether  the  apparent  affinity  of  the  fragment  for  cell  surfaces 
somehow  reflects  a  physiological  binding  function  of  HMGN2,  is  not  known. 

We  prepared  the  HMGN2  fragment  as  a  labeled  synthetic  peptide  and  studied  its  distribution  in 
tissues  and  cell  cultures.  Intravenously  injected  synthetic  F3  peptide  also  homes  to  tumor 
vasculature.  Fluorescein-labeled  F3  is  detected  in  the  endothelium  of  tumor  blood  vessels,  but 
not  other  blood  vessels.  The  tumor  cells  also  pick  up.fluorescein-F3,  as  do  small 
subpopulations  of  cells  in  the  skin  and  gut.  However,  unlike  the  tumor  blood  vessels,  the 
vessels  in  the  skin  and  gut  are  negative.  Flow  cytometry  reveals  another  F3-positive  minor 
population  of  cells  in  the  bone  marrow.  We  hypothesize,  based  on  these  results,  that  F3  may 
be  a  marker  of  certain  progenitor  cells.  These  cells  could  include  endothelial  cell  progenitors 
that  reside  in  the  bone  marrow  and  are  mobilized  to  participate  in  angiogenesis.  Various  tumor 
cells,  such  as  MDA-MB-435  and  HL-60  cells,  also  appear  to  have  acquired  this  putative 
progenitor  cell  marker. 

A  remarkable  property  of  the  F3  peptide  is  that  it  can  carry  a  payload,  such  as  the  fluorescein 
label,  all  the  way  to  the  nucleus  of  the  target  cells.  This  is  likely  to  be  due  to  the  high  number  of 
basic  residues  in  the  sequence  of  this  peptide,  which  may  create  a  nuclear  translocation  signal 
and  should  also  endow  the  peptide  with  an  ability  to  bind  DNA.  The  specificity  of  F3  for  tumor 
vasculature  may  allow  specific  targeting  of  therapies  to  breast  cancers.  The  translocation  of  the 
peptide  (and  its  payload)  into  the  nucleus  of  tumor  endothelial  cells  and  tumor  cells  may  make 
F3  particularly  well  suited  as  a  carrier  of  drugs  that  act  in  the  nucleus.  These  results  have  been 
reported  in  a  paper  that  appeared  in  PNAS  (Porkka  et  al.,  2002),  and  drug  targeting  with  F3  is 
underway  in  the  Ruoslahti  laboratory.  They  have  already  shown  that  quantum  dots,  which  are 
luminescent  nanocrystals,  can  be  specifically  targeted  to  MDA-MB-435  tumor  vessels  by 
coating  the  quantum  dots  with  the  F3  peptide  (Akerman  et  al.,  2002). 
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I  also  participated  in  a  project  where  it  was  shown  that  lymphatic  vessels  in  MDA-MB-435 
tumors  express  a  specific  marker  (Laakkonen  et  al.,  2002).  The  presence  and  importance  of 
blood  vessels  in  tumors  is  well  established,  but  it  has  only  recently  been  found  that  lymphatic 
vessels  can  also  be  present  within  tumors.  These  vessels  were  previously  thought  to  occur  in 
the  normal  tissue  surrounding  tumors.  A  phage  that  displays  the  peptide  CGNKRTRGC  (Lyp-1) 
homes  to  the  MDA-MB-435  tumors,  when  injected  either  into  the  bloodstream  or 
subcutaneously.  The  phage  and  fluorescein-labeled  LyP-1  peptide  accumulate  in  vessel-like 
structures  in  the  tumors  that  stain  for  lymphatic  vessel,  but  not  for  blood  vessel  markers.  The 
phage  and  the  peptide  do  not  accumulate  in  normal  tissues,  indicating  that  the  LyP-1  peptide 
distinguishes  lymphatic  vessels  in  MDA-MB-435  xenografts  from  normal  lymphatic  vessels. 
Targeting  drugs  to  lymphatic  vessels  in  tumors  with  this  peptide  may  be  particularly  effective  in 
preventing  tumor  metastasis. 

Key  Research  Accomplishments 

•  Identification  of  a  tumor-homing  peptide  with  a  novel  specificity  for  the  vasculature  of 
breast  cancer  and  leukemia  xenografts. 

•  Demonstration  of  nuclear  targeting  properties  of  the  novel  tumor-homing  peptide. 

•  Participation  in  work  demonstrating  for  the  first  time  that  breast  cancer  lymphatics 
express  a  tumor  specific  marker. 

Reportable  Outcomes 

Publications: 

1.  Porkka,  K.,  Laakkonen,  P.,  Hoffman,  J.A.,  Bernasconi,  M.  and  Erkki  Ruoslahti,  E.  Targeting 
of  peptides  to  the  nuclei  of  tumor  cells  and  tumor  endothelial  cells  in  vivo.  PNAS  99, 
7444-7449,  2002. 

2.  Laakkonen,  P.,  Porkka,  K.,  Hoffman,  J.A.  and  Erkki  Ruoslahti,  E.  Specialization  of  tumor 
lymphatics.  Nature  Med.  8,  751-755,  2002. 
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Patent  applications: 

P-LJ  5234  IDS,  "HMGN  Peptides  and  Related  Molecules  That  Selectively  Home  To  Tumor 
Blood  Vessels  and  Tumor  Cells” 

P-LJ  4638,  “Methods  of  Targeting  Angiogenic  Vasculature  Using  Gelatinase  Inhibitors.” 
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Blood  vessels  of  tumors  carry  specific  markers  that  are  usually 
angiogenesis-related1'2.  We  previously  used  phage-displayed 
peptide  libraries  in  vivo  to  identify  peptides  that  home  to  tu¬ 
mors  through  the  circulation  and  that  specifically  bind  to  the 
endothelia  of  tumor  blood  vessels3,4.  Here  we  devised  a  phage 
screening  procedure  that  would  favor  tumor-homing  to  targets 
that  are  accessible  to  circulating  phage,  but  are  not  blood  ves¬ 
sels.  Screening  on  MDA-MB-435  breast  carcinoma  xenografts 
yielded  multiple  copies  of  a  phage  that  displays  a  cyclic  9- 
amino-add  peptide,  LyP-1.  Homing  and  binding  to  tumor-de¬ 
rived  cell  suspensions  indicated  that  LyP-1  also  recognizes  an 
osteosarcoma  xenograft,  and  spontaneous  prostate  and  breast 
cancers  in  transgenic  mice,  but  not  two  other  tumor  xenografts. 
Fluorescein-labeled  LyP-1  peptide  was  detected  in  tumor  struc¬ 
tures  that  were  positive  for  three  lymphatic  endothelial  markers 
and  negative  for  three  blood  vessel  markers.  LyP-1  accumulated 
In  the  nuclei  of  the  putative  lymphatic  cells,  and  in  the  nuclei  of 
tumor  cells.  These  results  suggest  that  tumor  lymphatics  carry 
specific  markers  and  that  it  may  be  possible  to  specifically  target 
therapies  into  tumor  lymphatics. 

We  combined  ex  vivo  and  in  vivo  phage  selections5  to  search  for 
peptides  that  recognize  tumor-specific  vessels  other  than  blood 
vessels.  We  selected  phage  from  a  cyclic  peptide  library  for 
binding  to  cell  suspensions  prepared  from  MDA-MB-435  breast 
cancer  xenografts.  To  increase  the  likelihood  of  obtaining  new 
kinds  of  homing  peptides,  we  reduced  the  number  of  blood  ves¬ 
sel  endothelial  cells  by  treating  the  cell  suspension  with  anti- 
CD31  magnetic  beads  before  recovering  and  amplifying  bound 
phage.  Blood-vessel  endothelial  cells  express  high  levels  of 
CD31,  whereas  lower  levels  are  expressed  by  lymphatic  en¬ 
dothelial  cells6,7  (and  this  study).  Three  rounds  of  ex  vivo  selec¬ 
tion  yielded  a  phage  pool  that  bound  to  the  primary 
tumor-derived  cells  approximately  350-fold  over  control,  non¬ 
recombinant  phage.  Subsequent  in  vivo  selections  of  this  pool  in 
a  nude  mouse  bearing  an  MDA-MB-435  tumor  resulted  in  30- 
fbld  enrichment  in  the  tumor  relative  to  non-recombinant 
phage. 

One  of  the  peptide  sequences  enriched  in  the  selected  phage 
pool  was  CGNKRTRGC.  The  phage  displaying  this  peptide 
bound  to  primary  MDA-MB-435  tumor-derived  cell  suspensions 
about  7,000  times  more  than  non-recombinant  phage  (Fig.  la). 
The  synthetic  CGNKRTRGC  peptide  (LyP-1)  inhibited  the  bind¬ 
ing  of  the  phage  (data  not  shown).  The  LyP-1  phage  bound  cul¬ 
tured  MDA-MB-435  cells  on  average  about  100-fold  over 


non-recombinant  phage.  The  LyP-l-displaying  phage  also 
bound  to  cell  suspensions  prepared  from  KRIB  osteosarcoma 
xenografts,  and  from  transgenic  mouse  mammary  carcinomas 
(Fig.  la).  This  phage  did  not  to  bind  to  cell  suspensions  from  HL- 
60  leukemia  or  C8161  melanoma  xenografts  (Fig.  la).  Two 
permutations  (CGEKRTRGC  and  CGNKRTRGV)  arose  sponta¬ 
neously  during  the  phage  amplification  and  were  recognized  be¬ 
cause  of  an  altered  plaque  size.  They  did  not  significantly  bind  to 
MDA-MB-435  tumor-derived  cell  suspensions. 

The  LyP-l-displaying  phage  homed  to  the  MDA-MB-435  and 
KRIB  tumors  m  vivo.  On  the  average,  the  mean  phage  titer  in 
tumor  tissue  was  60-fold  greater  than  non-recombinant  phage  in 
MDA-MB-435  tumors  and  15-fold  in  KRIB  tumors  (Fig.  lb).  In 
agreement  with  the  cell-binding  data,  the  phage  did  not  home  in 
vivo  to  HL-60  or  C8161  xenografts  (Fig.  lb),  nor  to  brain,  spleen, 
skin,  kidneys  and  lungs;  there  may  have  been  some  homing  to 
normal  breast  tissue  (Fig.  lc).  The  MDA-MB-435  homing  of  the 
variant  CGEKRTRGC-displaying  phage  was  only  10%  of  the 
homing  of  the  LyP-1. 

When  we  treated  MDA-MB-435  tumor-derived  cells  with  0.5% 
NP-40  before  recovering  homed  phage,  we  found  10-20  times 
more  LyP-1  phage  than  without  the  detergent,  suggesting  that 
the  phage  was  internalized  by  cells.  In  vitro  experiments  showed 
that  cultured  MDA-MB-435  cells  internalized  fluorescein-conju¬ 
gated  LyP-1  peptide.  The  labeled  peptide  initially  appeared  in 
the  cytoplasm  and,  with  time,  increasingly  in  the  nucleus  (Fig. 
Id).  There  was  no  detectable  cellular  uptake  of  a  fluorescein-la¬ 
beled  control  peptide  (ARALPSQRSR),  which  like  CGNKRTRGC 
has  three  basic  residues  (data  not  shown). 

Intravenously  (i.v.)  injected  LyP-1  phage  localized  to  vessel¬ 
like  structures  and  to  some  single  cells  within  the  MDA-MB-435 
tumors.  The  vessels  containing  the  phage  were  negative  for 
CD31  (Fig.  2a).  Fluorescein-conjugated  synthetic  LyP-1  peptide, 
when  injected  into  the  tail  vein  of  MDA-MB-435  tumor-bearing 
mice,  also  localized  to  vessel-like  structures  and  to  individual 
cells  within  the  tumor  mass.  The  peptide-stained  vessels  did  not 
appear  to  be  blood  vessels,  because  they  were  negative  for 
MECA-32  staining  (Fig.  2b).  In  addition,  there  was  a  lack  of  colo¬ 
calization  with  blood  vessels  labeled  by  i.v.-injected  tomato 
lectin8.  When  the  peptide  and  lectin  fluorescence  were  captured 
in  the  same  microscopic  field,  they  were  separate  (Fig.  2c),  and 
many  fields  contained  only  peptide  fluorescence  (Fig.  2d)  or 
only  lectin  fluorescence  (Fig.  2c).  Fluorescein-conjugated  LyP-1 
localized  to  MDA-MB-435  tumors  regardless  of  whether  the  tu¬ 
mors  were  grown  subcutaneously  or  in  the  mammary  fat  pad, 
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Fig.  1  Tumor  homing  and  binding  of  LyP-1  phage,  and  nuclear  transloca-  (% 
tion  of  synthetic  LyP-1  peptide,  a ,  Binding  of  LyP-1  phage  to  primary  cell 
suspensions  from  MDA-MB-435,  KRIB  xenografts  and  transgenic  mouse 
mammary  carcinomas  (MMTV),  but  not  to  cells  from  HL-60  leukemia  or 
C81 61  melanoma  xenografts,  fr,  In  vivo  homing  of  the  phage.  T umor  hom¬ 
ing  of  LyP-1  phage  to  MDA-MB-435,  KRIB,  HL-60  and  C8161  xenografts 
after  i.v.  injection.  □,  brain;  ■,  tumor,  c,  LyP-1  phage  titers  recovered  from 
kidney,  lung,  spleen  and  skin  after  injection  into  the  tail  vein  of  tumor-bear¬ 
ing  mice  or  from  breast  tissue  after  injection  into  the  tail  vein  of  nude  mice. 

4  Internalization  of  fluorescein-conjugated  LyP-1  peptide  (green)  by  cul¬ 
tured  MDA-MB-435  cells.  Nuclei  are  visualized  by  DAPI  staining  (blue). 

Error  bars  represent  mean  ±  s.e.m.  for  3-8  experiments  per  variable. 


but  more  fluorescence  accumulated  in  the  subcutaneous  tumors 
(data  not  shown).  The  fluorescein-conjugated  peptide  also 
homed  to  transgenic  prostate  carcinomas  (TRAMP),  again  failing 
to  colocalize  with  tomato  lectin  (Fig.  2 /).  Among  several  normal 
tissues  studied,  fluorescence  was  only  seen  in  kidney  tubuli,  pre¬ 
sumably  as  a  result  of  uptake  of  free  fluorescein-conjugated  LyP- 
1  from  the  glomerular  filtrate.  Fluorescence  from  the  labeled 
control  peptide  also  localized  in  kidney  tubuli  (data  not  shown). 

Our  data  suggested  that  the  vessel-like  structures  targeted  by 
LyP-1  were  not  blood  vessels,  so  we  hypothesized  that  they 
might  be  lymphatic  vessels.  To  investigate  whether  LyP-X 
homed  to  tumor  lymphatics,  we  stained  MDA-MB-435  tumor 
sections  with  lymphatic  markers:  lymphatic  vessel  endothelial 
hyaloronic  acid  receptor- 1  (LYVErl),  a  transmembrane 
hyaluronic  acid  receptor9,10;  podoplanin,  a  glomerular  podocyte 
membrane  protein11;  and  vascular  endothelial  growth  factor  re- 
ceptor-3  (VEGFR-3)12-14.  In  accordance  with  earlier  results13-15,  an¬ 
tibodies  against  each  of  these  markers  stained  vessel-like 
structures  in  the  MDA-MB-435  tumors.  These  structures  fre¬ 
quently  lacked  a  detectable  lumen.  The  staining  rarely  over¬ 
lapped  with  lectin  staining,  indicating  that  few,  if  any,  of  these 
vessels  were  blood  vessels. 

Fluorescein-conjugated  LyP-1  injected  into  the  tail  vein  of 
tumor-bearing  mice  colocalized  with  LYVE-1  (Fig.  3a), 
podoplanin  (Fig.  3b  and  c)  and  VEGFR-3  (Fig.  3 d  and  e)  in  vessel¬ 
like  structures  within  MDA-MB-435  tumor  tissue.  Some  of  these 
structures  appeared  to  be  vessels  filled  with  tumor  cells  (Fig.  3  f). 
LyP-1  also  accumulated  outside  the  structures  positive  for  the 
lymphatic  markers,  including  the  tumor  cells,  individual 
VEGFR3-positive  cells  and  what  appeared  to  be  connective  tissue 
between  tumor  cells.  However,  LyP-1  fluorescence  typically  cen¬ 
tered  around  the  structures  detected  with  the  lymphatic  marker 
antibodies,  implicating  the  lymphatic  structures  as  the  likely  pri¬ 
mary  site  of  LyP-1  recognition.  High-magnification  images  (Fig. 
3c  and  g)  show  that  fluorescein-conjugated  LyP-1  accumulated 
in  the  nuclei  of  cells  lining  vessel-like  structures,  while  the  lym¬ 
phatic  marker  antibodies  (anti-podoplan  in  in  Fig.  3c)  stained  the 
plasma  membranes  of  the  same  cells.  We  also  injected  i.v.  mice 


with  monoclonal  antibody  to  podoplanin,  and  could  detect  the 
antibody  in  tissues.  The  injected  antibody  colocalized  with 
LYVE-1  (Supplementary  Fig.  A  online),  and  LyP-1  (Fig.  3h),  but 
not  with  MECA-32  (data  not  shown). 

The  LyP-1  phage  did  not  recognize  C8161  xenografts  in  hom¬ 
ing  or  cell-binding  assays,  but  these  tumors  did  contain  vessel¬ 
like  structures  that  stained  positive  for  both  LYVE-1  and 
podoplanin,  but  not  for  the  tomato  lectin  (Supplementary  Fig.  B 
online).  These  results  indicate  that  LyP-1  recognizes  lymphatic 
vessel-associated  structures  in  some  tumors  but  not  in  others. 

Previous  in  vivo  phage-screening  experiments  have  yielded  pep¬ 
tides  that  recognize  markers  that  are  selectively  expressed  in 
tumor  vasculature3,4.  The  structures  recognized  by  LyP-1  in  the 
target  tumors  seem  to  be  related  to  lymphatic  vessels,  rather  than 
blood  vessels,  as  shown  by  colocalization  of  LyP-1  with  three 
lymphatic  markers  and  lack  of  colocalization  with  three  blood¬ 
vessel  markers.  Probes  for  lymphatic  vessels  that  require  transport 
of  the  probe  through  the  lymphatic  vessels  have  generally  re¬ 
vealed  such  vessels  around,  but  not  within  tumors16-18.  However, 
the  use  of  molecular  markers  for  lymphatic  endothelial  cells  has 
revealed  lymphatic  structures  inside  many  tumors9,13-15. 

Each  of  the  lymphatic  markers  that  we  used  colocalized  with 
LyP-1  in  the  MDA-MB-435  tumors.  None  of  these  markers  are 
completely  specific  for  lymphatic  endothelial  cells19,20,  but  the 
presence  of  all  three  markers  in  the  LyP-1 -positive  structures 
strongly  suggests  that  these  structures  are  lymphatic  vessels. 
These  LyP-l-binding  cells  are  not  tumor  cells,  because  they 
stained  with  antibody  against  mouse  VEGFR-3  and  with  antibod¬ 
ies  against  mouse  major  histocompatibility  complex  (MHC)  anti¬ 
gen  H-2Kd  (data  not  shown).  The  VEGFR-3  antibody  is  known  not 
to  recognize  human  VEGFR-3  (K.  Alitalo  and  H.  Kubo,  pers. 
comm.). 

LyP-1  often  colocalized  with  lymphatic  markers  in  structures 
that  appeared  in  tissue  sections  as  thin  strands  that  form  loops. 
These  structures  may  be  collapsed  lymphatic  vessels.  Moreover, 
the  reticular  architecture  with  numerous  ill-defined  lumina  de¬ 
scribed  for  tumor  lymphatics  in  the  recent  study  of  human  head 
and  neck  cancers  is  similar  to  ours15.  Alternatively,  these  struc- 
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Fig.  2  LyP-1  phage  and  LyP-1  peptide  do  not  colocalize  with  blood  vessel 
markers,  a-e,  LyP-1  phage  (o)  or  fluorescein-conjugated  LyP-1  peptide  (b-e) 
injected  into  the  tail  vein  of  a  mouse  bearing  an  MDA-MB-435  tumor, 
o,  Tumor  blood  vessels  were  stained  with  anti-C031  antibody  (red)  and 
phage  was  visualized  using  anti-T7  antibody  followed  by  fluorescein-conju¬ 
gated  anti-rabbit  IgG  (green),  b-e,  Tumor  blood  vessels  (red)  were  detected 
with  MECA-32  (6)  or  i.v.  injected,  biotinylated  tomato  lectin  (c-e).  The  green 
color  shows  the  localization  of  LyP-1  peptide,  c,  A  microscopic  field  contain¬ 


ing  both  LyP-1  peptide  and  lectin  fluorescence,  d,  Areas  where  peptide  stain¬ 
ing  was  abundant  were  often  devoid  of  blood  vessels,  (the  inset,  blood  vessel 
staining  in  the  same  microscopic  field)  e,  Other  areas  of  the  tumor  contained 
numerous  blood  vessels,  but  no  peptide  (inset,  peptide  staining  in  the  same 
microscopic  field),  f,  LyP-1  peptide  (green)  homed  also  to  the  transgenic 
mouse  prostate  tumor  (TRAMP).  Blood  vessels  (red)  were  detected  with  i.v. 
injected  biotinylated  tomato  lectin,  d,  e  and  the  insets  in  dand  e  are  single 
color  images.  Magnification,  x  400  in  a,  c,  and  e,  x  200  in  b,  dand  l 


tuies  could  be  dilated  lymphatic  vessels  filled  with  tumor.  It  may  phage  and  peptide  in  these  structures  may  not  be  dependent  on 
ViiL  be  that  most  intra-tumor  lymphatics  are  not  patent  vessels  func-  functionality  of  the  targeted  lymphatics. 

tional  in  transporting  lymph.  Because  we  access  the  tumor  lym-  Although  these  results  strongly  suggest  that  LyP-1  binds  to 
phatics  through  blood  circulation,  the  accumulation  of  our  tumor  lymphatics,  we  cannot  exclude  the  possibility  that  the 


Fig.  3  Colocalization  of  LyP-1  with  lymphatic  markers.  Fluorescein- 
conjugated  LyP-1  peptide  was  injected  into  the  tail  vein  of  mice  bearing 
MDA-MB-435  xenografts,  a-e,  LyP-1  (green)  colocalizes  with  red  stain¬ 
ing  for  the  lymphatic  vessel  markers  LYVE-1  (o),  podoplanin  ( b  and  c) 
and  VEGFR-3  (d  and  e)  in  reticular  and  vessel-like  structures  within  the 
tumor  tissue.  Some  of  the  peptide  fluorescence  accumulates  in  the  nu¬ 


clei  of  the  cells  lining  the  vessels  positive  for  the  lymphatic  markers  and 
LyP-1,  as  shown  by  examination  at  a  higher  magnification  (podoplanin 
costaining;  c)  and  by  using  blue  counter  staining  of  nuclei  with  DAPI  ( f 
and  g ).  h,  LyP-1  fluorescence  also  partially  colocalized  with  i.v.  injected 
anti-podoplanin  antibody  in  tumor  tissue.  Magnification,  x200  in  a-d 
and  h ;  x400  in  g  and  f. 
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target  cell  would  be  a  transitional  cell  in  between  the  lymphatic 
and  blood  vessel  endothelial  lineages6.  There  are  also  some  simi¬ 
larities  in  the  distribution  of  LyP-1  and  periodic  acid  Shiff  (PAS)- 
positive  structures  in  melanomas,  which  may  represent  alternate 
vascular  channels21. 

The  binding  of  LyP-1  to  putative  tumor  lymphatics  and  tumor 
cells  is  not  universal  for  all  tumors.  Although  we  found  LyP-1  to 
recognize  two  xenograft  tumors  and  three  transgenic  mouse  tu¬ 
mors,  a  leukemia  (HL-60)  and  a  melanoma  (C8161)  xenograft  were 
negative.  This  was  the  case  despite  the  fact  that  the  C8161  tumors 
contained  lymphatics  as  identified  by  positive  staining  for  LYVE-1 
and  podoplanin  and  the  lack  of  staining  for  a  blood  vessel  marker. 
As  die  binding  of  LyP-1  to  the  cultured  tumor  cells  correlated  with 
its  ability  to  recognize  the  putative  tumor  lymphatics  in  the 
xenografts,  it  may  be  that  the  tumor  cells  induce  the  expression  of 
the  LyP-1  binding  molecule  in  the  intratumoral  lymphatic  cells. 

Our  results  suggest  that  tumor  lymphatics  may  be  specialized 
in  a  way  similar  to  wh at  has  been  shown  for  tumor  blood  ves- 
sels5-4'22’23.  Moreover,  the  LyP-1  peptide  may  make  it  possible  to 
specifically  target  tumor  lymphatics  and  their  adjacent  tumor 
tissues  for  destruction.  The  nuclear  localization  of  fluorescein 
coupled  to  LyP-1  suggests  that  LyP-1  could  be  a  particularly  ef¬ 
fective  carrier  of  drugs  that  act  inside  the  nucleus.  Given  the  im¬ 
portance  of  the  lymphatic  route  in  metastasis,  such  a  treatment 
may  destroy  the  most  deadly  parts  of  tumors. 

Methods 

Mice,  cell  lines  and  tumors.  MDA-MB-435,  KRIB  and  C81 61  cell  lines  were 
maintained  in  DMEM  supplemented  with  10%  FBS.  Nude  BALB/c  mice 
were  subcutaneously  injected  with  1x10*  tumor  cells,  and  tumor-bearing 
mice  were  used  to  prepare  cell  suspensions  and  for  homing  experiments  at 
3-6  weeks  (KRIB  or  C8161)  or  9-12  weeks  (MDA-MB-435)  post-injection. 
The  animal  experimentation  was  approved  by  the  Burnham  Institute 
Animal  Research  Committee. 

Phage  libraries  and  screening.  The  libraries  were  prepared  as  described5. 
NNK-oligonucleotides  encoding  a  random  library  of  cyclic  peptides  of  the 
general  structure  CX7C  (ref.  24)  were  cloned  into  the  T7Select  41 5-1  vector 
according  to  the  manufacturer's  instructions  (Novagen,  Madison, 
Wisconsin).  This  vector  displays  peptides  in  all  41 5  copies  of  the  phage  cap¬ 
sid  protein  as  a  C-terminal  fusion. 

Tumor-homing  phage  were  isolated  from  the  phage  library  by  combin¬ 
ing  ex  vivo  and  in  vivo  screening.  For  the  ex  vivo  screening,  tumor-cell  sus¬ 
pensions  were  prepared  from  human  MDA-MB-435  breast  carcinoma 
xenograft  tumors  using  collagenase  (0.5  mg/ml.  Sigma)  to  disperse  the  tis¬ 
sue.  A  ceil  suspension  was  incubated  with  the  phage  library  (3.7  x  1010 
plaque-forming  units  (p.f.u.))  overnight  at  4  °C  and  unbound  phage  were 
removed  by  serially  washing  with  1%  BSA  in  DMEM.  Magnetic  beads 
(Dynal,  Oslo,  Norway)  coated  with  anti-mouse  CD31  (MEC  13.3; 
Pharmingen,  San  Diego,  California)  were  used  to  preferentially  deplete  the 
tumor-derived  cell  suspension  of  blood  vessel  endothelial  cells.  Phage 
bound  to  the  CD31 -deficient  cell  population  were  rescued  and  amplified. 
The  phage  selection  process  was  repeated  3  times.  The  ex  vivo  pre-selected 
phage  pool  was  then  subjected  to  an  in  vivo  selection  round  by  injecting  it 
(1.7  x  10*  p.f.u.)  into  the  tail  vein  of  a  nude  mouse  bearing  an  MDA-MB- 
435  tumor.  48  individual  clones  were  then  picked  from  this  in  wVo-se- 
lected,  tumor-homing  pool  and  their  peptide-encoding  inserts  were 
sequenced.  Nine  peptides  appearing  more  than  once  were  amplified  and 
their  ability  to  bind  to  cultured  cells  and  tumor-derived  cell  suspensions  was 
tested5.  The  5  individual  phage  that  bound  better  to  cell  suspensions  from 
MDA-MB-435  tumors  than  to  cultured  MDA-MB-435  cells  were  tested  for 
their  ability  to  home  to  tumors  in  vivo .  In  some  experiments,  the  phage 
were  rescued  from  tissues  by  treating  the  tissue  with  0.5%  NP-40  in  PBS. 

Peptide  synthesis.  Peptides  were  synthesized  in  our  peptide  synthesis  facil¬ 
ity  using  Fmoc  chemistry  in  a  solid-phase  synthesizer.  The  peptides  were 
purified  by  HPLC,  and  their  sequence  and  structure  was  confirmed  by  mass 


spectrometry.  Fluorescein-conjugated  peptides  were  synthesized  as  de¬ 
scribed25. 

Antibodies  and  immunohistology.  To  produce  antibodies  to  T7,  New 
Zealand  White  rabbits  were  immunized  with  10to  p.f.u.  of  T7  nonrecombi¬ 
nant  phage  (Novagen).  The  initial  immunization  was  done  in  complete 
Freund's  adjuvant  and  boosters  were  with  incomplete  Freund's  adjuvant. 
The  antibody  titer  was  estimated  by  using  ELISA,  and  the  antiserum  was  ab¬ 
sorbed  against  BLT561 5  bacterial  and  mouse  liver  lysates.  The  LYVE-1  anti¬ 
body  was  produced  by  immunizing  New  Zealand  White  rabbits  with  a 
peptide  encoding  the  19  C-terminal  residues  of  mouse  LYVE-1  (ref.  10)  con¬ 
jugated  to  keyhole  limpet  hemocyanin  (KLH;  Pierce,  Rockford,  Illinois).  The 
initial  immunization  was  done  in  complete  Freund's  adjuvant  and  boosters 
were  with  incomplete  Freund's  adjuvant.  The  antibodies  were  affinity  puri¬ 
fied  with  the  peptide  coupled  to  Suifolink  Cel  (Pierce)  and  tested  for  tissue 
reactivity  by  immunofluorescence,  where  they  gave  a  characteristic  lym¬ 
phatic  staining  pattern.  The  specificity  of  this  antibody  and  that  of  an  anti¬ 
body  against  the  ectodomain  of  LYVE-1  (ref.  10)  have  been  reported  to  be 
similar7.  Other  primary  antibodies  used  in  immunohistochemistry  were  rat 
anti-mouse  VEGFR-3  (ref.  1 2)  (provided  by  K.  Alitalo  and  H.  Kubo),  rat  anti¬ 
mouse  podoplanin11  (provided  by  T.  Petrova),  rat  anti-mouse  MECA-32 
(Pharmingen),  rat  anti-mouse  CD31  (Pharmingen),  and  biotin  anti-mouse 
H-2Kd,  clone  SF1-1 .1  (Pharmingen). 

Tissue  distribution  of  fluorescein-labeled  peptides  was  examined  by  i.v.  in¬ 
jection  of  the  peptide  (100  pg  in  200  pi  PBS)  into  the  tail  vein  of  a  mouse. 
Blood  vessels  were  visualized  by  i.v.  injection  of  Lyeopersicon  esculentum 
(tomato)  lectin  conjugated  either  to  fluorescein  or  biotin  (1 00  pg  in  200  pi 
of  PBS;  Vector,  Burlingame,  California).  The  biotinyated  lectin  was  detected 
with  streptavidin-conjugated  Alexa-594  (red).  In  some  experiments,  the 
anti-podoplanin  antibody  was  similarly  injected.  The  injected  materials  were 
allowed  to  circulate  for  5-15  min  and  the  mouse  was  perfused  with  4% 
paraformaldehyde  through  the  heart.  Tissues  were  removed  and  frozen  in 
OCT  embedding  medium  (Tissue-Tek,  Elkhart,  Indiana).  The  biotin-conju¬ 
gated  lectin  was  detected  with  streptavidin-conjugated  Alexa-594 
(Molecular  Probes,  Eugene,  Oregon)  and  the  anti-podoplanin  antibody  with 
goat  anti-rat  Alexa-488  or  Alexa-594  (Molecular  Probes). 

Note:  Supplementary  information  is  available  on  the  Nature  Medicine 
website . 
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We  used  a  screening  procedure  to  identify  protein  domains  from 
phage-displayed  cDNA  libraries  that  bind  both  to  bone  marrow 
endothelial  progenitor  cells  and  tumor  vasculature.  Screening 
phage  for  binding  of  progenitor  cell-enriched  bone  marrow  cells  in 
vitro,  and  for  homing  to  HL-60  human  leukemia  cell  xenograft 
tumors  in  vivo,  yielded  a  cDNA  fragment  that  encodes  an  N- 
terminal  fragment  of  human  high  mobility  group  protein  2 
(HMGN2,  formerly  HMG-17).  Upon  i.v.  injection,  phage  displaying 
this  HMGN2  fragment  homed  to  HL-60  and  MDA-MB-435  tumors. 
Testing  of  subfragments  localized  the  full  binding  activity  to  a 
31-aa  peptide  (F3)  in  the  HMGN2  sequence.  Fluorescein-labeled  F3 
peptide  bound  to  and  was  internalized  by  HL-60  cells  and  human 
MDA-MB-435  breast  cancer  cells,  appearing  initially  in  the  cyto¬ 
plasm  and  then  in  the  nuclei  of  these  cells.  Fluorescent  F3  accu¬ 
mulated  in  HL-60  and  MDA-MB-435  tumors  after  an  i.v.  injection, 
appearing  in  the  nuclei  of  tumor  endothelial  cells  and  tumor  cells. 
Thus,  F3  can  carry  a  payload  (phage,  fluorescein)  to  a  tumor  and 
into  the  cell  nuclei  in  the  tumor.  This  peptide  may  be  suitable  for 
targeting  cytotoxic  drugs  and  gene  therapy  vectors  into  tumors. 

angiogenesis  |  bone  marrow  cells  |  progenitor  cells  [  phage  libraries  | 
peptides 

Tumors  induce  and  sustain  the  growth  of  new  blood  vessels 
through  angiogenesis  (1-3).  In  the  initial  phases  of  tumor 
angiogenesis,  new  vessels  are  derived  from  existing  capillaries  by 
sprouting  of  the  endothelial  and  mural  cells  (4,  5).  Endothelial 
progenitor  cells  can  be  recruited  to  these  new  vessels  from  the 
bone  marrow  and  from  circulation  (6-8).  The  recruitment  of 
these  progenitor  cells  and  their  proliferation  are  regulated 
by  angiogenic  factors  such  as  vascular  endothelial  growth  factor 
and  angiopoietin-1  (9, 10),  but  the  extent  to  which  they  contri¬ 
bute  to  angiogenesis  in  normal  individuals  is  unclear.  However, 
they  appear  to  be  of  major  importance  in  certain  situations; 
Id-mutant  mice  are  defective  in  angiogenic  responses  and  do  not 
support  tumor  growth  (11),  but  transplanting  wild-type  bone 
marrow  into  these  mice  restores  the  angiogenic  responses  and 
allows  for  tumor  growth  (12). 

The  vasculature  within  tumors  expresses  distinct  molecular 
markers  that  are  characteristic  of  angiogenic  vessels  (13).  These 
markers  are  also  expressed  in  angiogenic  vessels  of  nonmalignant 
tissues,  such  as  wounds  and  inflammatory  lesions.  They  include 
certain  integrins  (14,  15),  receptors  for  angiogenic  growth 
factors  (16),  proteases  (17-19),  and  membrane  proteins  of 
unknown  functions  (20,  21).  Pericytes  of  angiogenic  vessels 
express  a*  membrane  proteoglycan  known  as  NG2  or  high 
molecular  weight  melanoma  antigen  (22,  23),  and  the  extracel¬ 
lular  matrix  of  angiogenic  vessels  contains  an  alternatively 
spliced  form  of  fibronectin  (24). 

Several  years  ago,  we  developed  an  approach  to  study  molec¬ 
ular  specialization  in  the  vasculature  of  tumors  and  normal 
tissues.  The  method  is  based  on  in  vivo  screening  of  large  libraries 


of  phage-displayed  peptides  to  obtain  peptides  that  have  selec¬ 
tive  tissue  affinities  and  direct  the  homing  of  phage  to  a  specific 
target  tissue  in  mice.  When  the  libraries  are  injected  into  the 
circulation,  the  method  primarily  targets  tissue-specific  differ¬ 
ences  in  endothelial  cells.  We  have  previously  isolated  peptides 
that  home  to  the  vasculature  of  individual  normal  tissues  and 
tumors  (25,  26). 

Our  previous  tumor-homing  peptides  bind  to  molecules  char¬ 
acteristic  of  angiogenic  vessels  (18, 25).  In  the  present  work,  we 
modified  the  phage  procedure  to  search  for  markers  that  would 
be  shared  by  tumor  vasculature  and  endothelial  progenitor  cells 
in  the  bone  marrow.  We  screened  cDNA  libraries  displayed  on 
phage  first  on  bone  marrow  cells  ex  vivo  and  then  in  tumor¬ 
bearing  mice  in  vivo.  We  report  a  cDNA  that  encodes  a  fragment 
of  the  nuclear  protein  high  mobility  group  (HMG)  protein  2 
(HMGN2).  HMGN2  is  a  highly  conserved  nucleosomal  protein 
thought  to  be  involved  in  unfolding  higher-order  chromatin 
structure  and  facilitating  the  transcriptional  activation  of  mam¬ 
malian  genes  (reviewed  in  ref.  27).  We  derived  a  31-aa  synthetic 
peptide  from  this  HMGN2  fragment,  which,  when  injected  i.v., 
accumulates  in  the  nuclei  of  tumor  endothelial  cells  and  tumor 
cells.  This  peptide  may  find  a  use  as  a  carrier  of  therapeutic 
molecules  to  the  nuclei  of  tumor  cells  and  tumor  endothelial 
cells.  The  cell  surface  receptor  for  this  peptide  may  be  a  useful 
molecular  marker  of  endothelial  progenitor  cells. 

Materials  and  Methods 

Cell  Lines  and  Experimental  Animals.  Human  myeloid  leukemia 
HL-60  (American  Type  Culture  Collection)  and  MDA-MB-435 
human  breast  carcinoma  cell  lines  were  grown  in  RPMI  1640 
media  supplemented  with  10%  FBS  (25).  To  establish  xenograft 
tumors,  2-  to  3-month  old  nude  mice  (Harlan  Sprague-Dawley) 
were  s.c.  injected  with  106  exponentially  growing  cells  in  200  pJ 
of  culture  media.  The  animals  were  used  in  experiments  within 
3-5  (HL-60)  or  8-10  weeks  (MDA-MB-435)  of  the  injection. 

Phage  Libraries  and  Screening  Protocol.  We  constructed  cDNA 
libraries  by  using  mRNA  purified  from  normal  (human  bone 
marrow,  brain,  and  mouse  embryo)  and  malignant  (liver,  lung, 
breast,  and  colon  carcinoma)  tissues  (CLONTECH)  and  from 
mouse  spleen  and  bone  marrow  (Oligotex  Direct  mRNA  kit, 
Qiagen,  Valencia,  CA).  The  cDNA  synthesis  with  random 
primers,  cloning  into  the  T7Select  10-3b  vector,  and  phage 
packaging  and  amplification  were  done  according  to  the  man¬ 
ufacturer’s  instructions  (Novagen).  The  cDNA  libraries  were 
pooled  for  the  phage  screening.  The  screening  on  isolated 
primary  cells  (ex  vivo  selection)  and  in  vivo  was  performed  as 
described  (refs.  28  and  29;  P.L.,  K.P.,  J.A.H.,  and  E.R.,  unpub¬ 
lished  work).  In  short,  109  plaque-forming  units  (pfu)  of  the 


Abbreviations:  HMG,  high-mobility  group;  pfu,  plaque-forming  units. 
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Fig.  1.  Phage  enrichment  in  vivo.  A  cDNA  phage  pool  that  was  preselected 
for  ex  vivo  binding  to  bone  marrow  cells  was  injected  into  the  tail  vein  of  mice. 
After  10  min  of  circulation,  the  mice  were  perfused  through  the  heart,  and 
phage  was  rescued  from  various  organs,  amplified,  and  used  for  subsequent 
rounds  of  selection.  Fold  enrichment  of  selected  phage  pool  relative  to  the 
unselected  cDNA  phage  library  pool  is  shown. 


phage  library  were  incubated  on  target  cells  overnight  at  4°C. 
Unbound  phage  were  removed  by  extensive  washing,  and  the 
phage  bound  to  cells  were  rescued,  amplified,  and  used  for  the 
subsequent  round  of  selection.  After  two  rounds  of  ex  vivo 
selection,  the  phage  pool  was  subjected  to  in  vivo  selection  by 
injecting  the  pool  (109  pfu)  into  the  tail  vein  of  a  nude  mouse 
bearing  a  HL-60  xenograft  tumor.  After  two  rounds  of  in  vivo 
selection,  96  clones  were  selected  from  this  tumor-homing  pool 
and  their  protein-encoding  inserts  were  sequenced. 

Isolation  of  Murine  Bone  Marrow  Progenitor  Cells.  Mouse  bone 
marrow  was  obtained  by  flushing  both  femoral  and  tibial  bones 
with  3  ml  of  cold  media  (DMEM  supplemented  with  10%  FBS). 
The  bone  marrow  was  then  depleted  of  cells  expressing  common 
lineage-specific  markers  by  using  antibodies  coupled  to  para¬ 
magnetic  beads  (StemSep  Murine  Kit,  StemCell  Technologies, 
Vancouver).  The  antibodies  used  were  against  mouse  CD5 
(clone  Ly-1),  myeloid  differentiation  antigen  (Gr-1),  CD45R 
(B220),  erythroid  cells  (TER119),  CDllb  (Mac-1),  and  neutro¬ 
phils  (7-4)  (StemCell  Technologies).  The  remaining 
megakaryocytes  were  removed  by  filtering  through  a  30- /xm 
nylon  mesh  filter  (Miltenyi  Biotec,  Auburn,  CA). 

Flow  Cytometry.  Human  bone  marrow  specimens  analyzed  in  this 
study  represented  excess  material  from  samples  collected  for 
diagnostic  purposes  from  adults  with  hematological  malignan¬ 
cies.  Informed  consent  was  obtained  before  sample  collection.  A 
total  of  2  ml  of  bone  marrow  was  aspirated  from  the  posterior 
iliac  crest  and  stored  in  a  citrate  anticoagulant.  Mononuclear 
cells  were  isolated  by  gradient  centrifugation  (Ficoll-Paque 
PLUS,  Amersham  Pharmacia)  and  incubated  in  RPMI  1640 
media  supplemented  with  10%  FBS  for  2  h  at  37°C.  The  cells 
were  then  transferred  to  4°C  and  incubated  with  1-2  fiM 
fluorescein-conjugated  peptides  for  45  min  and  subsequently 
stained  with  PerCP-  or  phycoerythrin-conjugated  CD34  and 
CD45  antibodies  (Becton  Dickinson)  for  30  min.  The  sample  was 
analyzed  with  either  a  FACSCalibur  or  a  LSR  flow  cytometer 
(Becton  Dickinson),  and  100,000  events  were  collected. 

Anti-T7  Antibodies.  New  Zealand  White  rabbits  were  immunized 
with  1010  pfu  of  T7  nonrecombinant  phage.  The  initial  immu¬ 


Fig.  2.  Localization  of  the  HMGN2-N  cell  binding  site.  The  sequence  and  cell 
binding  activity  of  individual  HMGN2-N  fragments.  Inserts  encoding  for  the 
various  fragments  were  cloned  into  T7  phage,  and  the  phage  preparations 
were  tested  for  binding  to  primary  cells  from  HL-60  xenograft  tumors.  After 
a  1-h  incubation  at  4°C,  the  cells  were  washed  and  phage-quantified  (the  pfu 
are  indicated  above  the  columns).  The  enrichment  is  shown  relative  to  a 
control  phage  (nonrecombinant  T7  phage).  One  experiment  representative  of 
four  is  shown.  The  sequence  encoded  by  exon  3  of  HMGN2  is  underlined. 


nization  was  done  in  complete  Freund's  adjuvant  and  boosters 
were  in  incomplete  Freund’s  adjuvant.  The  antiserum  was 
absorbed  on  BLT5615  bacterial  and  mouse  liver  lysates,  and  the 
antibody  titer  was  estimated  by  ELISA. 

Peptides.  Peptides  were  synthesized  with  an  automated  peptide 
synthesizer  by  using  standard  solid-phase  fluorenylmethoxycar- 
bonyl  chemistry  (30).  During  synthesis,  the  peptides  were  labeled 
with  fluorescein  with  an  amino-hexanoic  acid  spacer  as  de¬ 
scribed  (31).  The  concentration  of  unlabeled  peptides  was 
determined  by  weighing  and  from  absorbance  at  230  nm  (32). 

Histology.  Tissue  distribution  of  homing  ligands  was  examined  by 
i.v.  injection  of  fluorescein-coupled  peptides  (100  y\  of  a  1  mM 
solution)  into  the  tail  vein  of  anesthesized  mice  bearing  xeno¬ 
grafts.  Blood  vessels  were  visualized  by  i.v.  injecting  200  fi\  of  0.5 
/xg/fil  biotin-conjugated  tomato  lectin  (Vector  Laboratories). 
The  injected  materials  (first  peptide,  then  lectin)  were  allowed 
to  circulate  for  15  min,  and  the  mouse,  which  remained  anes¬ 
thesized  throughout  the  experiment,  was  perfused  through  the 
heart  with  4%  paraformaldehyde.  Organs  were  removed  and 
frozen  in  OCT  embedding  medium  (Tissue-Tek,  Elkhart,  IN). 
The  biotin-conjugated  lectin  was  detected  with  streptavidin- 
Alexa  594  (Molecular  Probes),  mounted  with  Vectashield-  4', 6- 
diamidino-2-phenylindole  (Vector  Laboratories),  and  examined 
under  an  inverted  fluorescent  microscope. 

Results 

Tumor-Homing  HMGN2  Fragment.  Hematopoietic  and  endothelial 
precursors  have  a  common  cell  of  origin  (hemangioblast)  and 
share  several  phenotypic  characteristics.  We  devised  a  phage 
screening  procedure  that  would  capitalize  on  this  shared  phe¬ 
notype  and  select  clones  that  bind  to  both  primitive  bone  marrow 
cells  and  angiogenic  endothelial  cells.  The  screening  procedure 
included  a  preselection  on  lineage-depleted  mouse  bone  marrow 
cells  (putative  progenitor  cells)  ex  vivo  and  further  selection  for 
homing  to  HL-60  xenograft  tumors  in  vivo. 

After  two  rounds  of  preselection  on  lineage-depleted  mouse 
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Fig.  3.  Tissue  localization  of  i.v.-injected  F3  peptide.  HMGN2-N  F3  peptide  and  ARALPSQRSR  control  peptide  were  conjugated  to  fluorescein.  Each  labeled 
peptide  was  injected  into  the  tail  vein  of  mice  bearing  HL-60  or  MDA-MB-435  xenografts.  The  peptide  injection  was  followed  10  min  later  by  an  injection  of 
biotinylated  tomato  lectin.  After  another  5  min,  the  mice  were  perfused  through  the  heart  with  a  fixative  solution,  and  the  organs  were  dissected,  sectioned, 
and  stained  with  streptavidin-Alexa  594.  The  slides  were  counterstained  with  4',6-diamidino-2-phenylindole  and  examined  under  an  inverted  fluorescent 
microscope,  (e)  An  HL-60  tumor  section  from  a  mouse  injected  with  fluorescein-labeled  ARALPSQRSR  control  peptide,  all  other  panels  are  from  mice  injected 
with  fluorescein-labeled  F3.  (a)  HL-60  tumor;  (b)  brain;  (c)  skin;  (d)  gut;  (e)  ARALPSQRSR  control  peptide  in  HL-60  tumor;  (/)  fluorescein-labeled  F3  in  an 
MDA-MB-435  tumor;  (g)  a  higher  magnification  view  from  a  showing  the  localization  of  F3  (green),  lectin-stained  vasculature  (red),  and  4',6-diamidino-2- 
phenylindole-stained  nuclei  (blue).  The  green  and  blue  images  are  shown  individually  in  h  and  /.  (Magnifications:  a,  b,  and  e,  x  200;  c  and  d,  X100;  and  f-/,  X400.) 


bone  marrow  cells,  the  resulting  phage  pool  was  injected  in  nude 
mice  bearing  HL-60  tumors.  The  selected  phage  pool  showed  a 
20-fold  enrichment  for  tumor  homing  relative  to  the  unselected 
library  after  two  rounds  of  in  vivo  selection  (Fig.  1).  Sequencing 
showed  that  the  predominant  cDNA  in  this  pool  was  a  270-bp 
clone  that  contained  an  ORF  encoding  the  first  73  N-terminal 
amino  acids  of  the  human  HMGN2  protein;  the  clone  also 
contained  51  bp  from  the  5'  noncoding  sequence.  We  designated 
this  clone  HMGN2-N.  Additional  HMGN2  clones  were  also 
isolated  from  the  phage  pool;  they  all  shared  a  common  se¬ 
quence  corresponding  to  exons  3  and  4  in  the  HMGN2  sequence. 
The  same  HMGN2-N  cDNA  clone  was  also  isolated  in  another 
independent  screening. 

The  HMGN2-N  phage  homed  to  the  HL-60  tumors  to  about 
the  same  extent  as  the  selected  pool  (data  not  shown).  The 
injected  phage  also  accumulated  in  the  kidneys,  but  only  when 
the  number  of  phage  injefcted  was  small,  109  pfu).  Tumor  homing 
was  obtained  both  at  this  input  level,  and  when  1012  pfu  of  phage 
were  injected.  We  do  not  know  the  reason  for  the  dose  effect. 


About  1,000  times  more  HMGN2-N  phage  than  nonrecombi¬ 
nant  T7  phage  bound  to  cultured  HL-60  and  MDA-MB-435  cells. 
Cell  suspensions  made  from  HL-60  tumors  also  bound  the 
HMGN2-N  phage  with  a  1,000-fold  greater  specificity  relative  to 
the  control  phage.  Phage  clones  encoding  fragments  of  some 
other  proteins  were  identified  in  the  screenings,  but  these 
fragments  homed  less  well  to  tumors  than  HMGN2-N  and  were 
not  studied  further. 

HMGN2-N  Binding  Domain  and  Specificity.  To  identify  the 
HMGN2-N  domain  responsible  for  the  cell  binding  and  in  vivo 
homing,  we  constructed  phage  that  display  a  set  of  fragments 
from  HMGN2-N.  The  fragments  were  designed  to  include  the 
complete  exon  sequences  of  the  HMGN2  gene.  A  31-aa  frag¬ 
ment  encoded  by  exons  3  and  4  (F3  peptide)  showed  substantial 
tumor  cell  binding  (Fig.  2);  F3  corresponds  to  the  nucleosomal 
binding  domain  of  HMGN2.  The  binding  of  the  F3-displaying 
phage  to  tumor  cells  was  inhibited  by  free  F3  peptide  in  a 
dose-dependent  fashion;  complete  inhibition  was  achieved  with 
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Fig.  4.  FACS  profile  of  bone  marrow  cells  labeled  with  fluorescent  F3  peptide 
and  antibodies  against  cell  differentiation  markers.  Fluorescein-labeled  pep¬ 
tides,  F3  and  ARALPSQRSR  control  peptide  at  2  fiM,  were  incubated  with 
gradient-depleted  bone  marrow  cells  and  analyzed  in  a  flow  cytometer.  (A) 
Control  peptide  (number/percentage  of  cells  in  lower  right  quadrant:  1/0.0); 
(8)  F3  peptide  (308/0.88);  (O  F3  vs.  CD45  (77%  CD45-positive);  (D)  F3  vs.  CD34 
(75%  CD34-negative). 


100  jLiM  peptide.  The  background  binding  of  nonrecombinant 
phage  was  unaffected  by  this  peptide.  We  further  divided  the 
F3  peptide  into  two  peptides.  Phage  displaying  exon  3, 
PQRRSARLSA,  also  bound  to  tumor  cells  but  less  well  than  F3. 
The  specificity  of  the  cell  binding  was  further  confirmed  by 
comparing  HL-60  cell  binding  of  HMGN2  exon  3-displaying 
phage  (insert  sequence,  PQRRSARLSA)  and  the  homologous 
HMGN1  exon  3-displaying  phage  (insert  sequence, 
PKRRSARLSA).  The  HMGN1  phage  bound  90%  less  than  the 
HMGN2  phage,  indicating  that  the  single  amino  acid  change 
from  glutamine  to  lysine  substantially  changes  the  cell  binding 
specificity  of  the  fragment.  Database  searches  showed  that  the 
PQRRSARLSA  sequence  is  present  in  a  number  of  expressed 
sequence  tags,  the  sequence  of  which  is  otherwise  different  from 
that  of  HMGN2.  Thus,  proteins  other  than  HMGN2  may  possess 
the  same  cell  binding  activity. 

Tissue  and  Cellular  Localization  of  F3  Peptide.  To  be  able  to  study  the 
localization  of  the  F3  peptide  in  tissues  and  cells,  we  synthesized 
this  peptide  as  a  conjugate  with  fluorescein.  The  labeled  peptide 
was  injected  i.v.  into  mice  bearing  HL-60  or  MDA-MB-435 
tumors,  and  the  localization  of  fluorescence  was  studied  in 
tissues  collected  10-15  min  later.  Strong  fluorescence  was  seen 
in  the  tumor  tissue  (Fig.  3a),  whereas  little  or  no  specific 
fluorescence  was  detected  in  the  brain,  liver,  and  spleen;  the 
result  for  the  brain  is  shown  in  Fig.  3 b.  F3  was  present  in  a  small 
population  of  cells  in  the  skin  and  gut  (Fig.  3  c  and  d).  Diffuse 
fluorescence  accumulated  in  proximal  tubules  of  kidneys.  Flu¬ 
orescein-labeled  scrambled  exon  3  peptide  (ARALPSQRSR) 
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Fig.  5.  Kinetic  of  uptake  and  nudear  translocation  of  F3  peptide  in  cultured  MDA-MB-435  cells.  The  cells  were  incubated  with  fluorescein-labeled  F3  (1  /iM)forthe 
indicated  length  of  time  at  37°C,  washed,  fixed,  and  examined  under  an  inverted  fluorescent  microscope. 
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produced  a  similar  fluorescence  pattern  in  the  kidney,  but  was 
essentially  undetectable  in  other  tissues,  including  the  HL-60 
tumors  (Fig.  3e).  Thus,  the  fluorescence  in  the  kidneys  is 
presumably  caused  by  nonspecific  uptake  of  peptides,  or  fluo¬ 
rescein,  from  the  glomerular  filtrate. 

In  the  HL-60  leukemia  tumor  tissue,  F3  localized  in  tumor 
cells  and  cells  lining  tumor  blood  vessels,  presumably  the  endo¬ 
thelial  cells.  The  fluorescence  was  predominantly  located  in  the 
nuclei  (Fig.  3  a  and  g-i).  Most  of  the  tumor  cells  containing 
fluorescence  were  around  blood  vessels.  In  MDA-MB-435  breast 
cancer  tumors,  F3  also  accumulated  in  the  endothelial  cells  and 
tumor  cells.  In  some  microscopic  fields,  the  F3  fluorescence  was 
essentially  limited  to  the  endothelial  cells,  providing  a  particu¬ 
larly  clear  view  of  F3  within  endothelial  cells  and  their  nuclei 
(Fig.  3 f).  Similar  tumor  localization  was  obtained  with  F3 
coupled  to  another  fluorescent  molecule,  rhodamine  (not 
shown). 

F3  also  specifically  bound  to  a  small  (0.3-0.8%  of  mononu¬ 
clear  cells)  cell  population  in  human  bone  marrow  (Fig.  4).  The 
F3-positive  cells  were  lymphocyte-sized,  agranular,  CD45- 
positive,  and  mostly  CD34-negative.  This  marker  profile  is 
similar  to  that  of  the  lineage-depleted  mouse  bone  marrow  cell 
population  we  used  in  the  phage  preselection. 

Cellular  uptake  and  nuclear  translocation  of  the  F3  peptide 
were  also  observed  in  cultured  HL-60  cells  and  MDA-MB-435 
cells  in  vitro.  The  fluorescein-labeled  peptide  appeared  in  the 
cytoplasm  of  the  cells  where  it  was  diffusely  distributed  (Fig.  5). 
Nuclear  fluorescence  started  appearing  at  30  min,  and  after  1  h 
most  of  the  fluorescence  was  in  the  nuclei.  The  internalization 
process  appeared  to  be  slower  in  vitro  than  in  vivo ,  possibly 
because  of  a  more  avid  binding  of  the  peptide  to  the  target  cells 
in  vivo.  The  cellular  uptake  did  not  depend  on  the  nature  of  the 
fluorescent  dye,  as  rhodamine-labeled  F3  also  accumulated  in 
the  nuclei  of  die  MDA-MB-435  cells  (not  shown).  The  D-amino 
acid  form  of  F3  was  also  internalized  by  the  MDA-MB-435  cells, 
but  more  slowly  than  the  L-form,  and  it  did  not  accumulate  in 
the  nucleus  (Fig.  6).  The  uptake  was  energy  dependent,  as  it  was 
slower  at  4°C  than  at  37°C  (not  shown). 

Discussion 

We  describe  a  tumor-homing  protein  fragment  and  a  peptide 
derived  from  it,  both  of  which  bind  to  tumor  blood  vessels  and 
tumor  cells.  The  peptide  homes  selectively  into  tumors  and  has 
the  remarkable  property  of  being  able  to  carry  a  payload  into  the 
nuclei  of  the  target  cells. 

In  this  work,  we  used  phage-displayed  cDNA  libraries  in  vivo 
to  search  for  phage  capable  of  homing  to  tumors,  especially  to 
their  vasculature.  Our  thinking  was  that  any  proteins  or  protein 
fragments  identified  from  the  cDNA  libraries  might  have  higher 
affinities  for  tumor  vasculature  than  the  relatively  short  peptides 
obtained  from  random  peptide  libraries  in  previous  work  (13). 
Another  expectation  was  that  we  might  identify  proteins  that  are 
functionally  linked  to  the  growth  of  tumors  or  their  blood  vessels. 
The  cDNA  library  screening  revealed  a  remarkably  potent 
homing  peptide,  F3,  indicating  that  the  first  expectation  may 
have  been  fulfilled.  Whether  HMGN2,  the  nuclear  protein  that 
F3  is  derived  from,  might  have  an  extracellular  function  remains 
to  be  seen.  It  is  interesting  to  note  that  there  are  some  similarities 
between  HMGN2  and  amphoterin  (HMGB1,  formerly  HMG-1), 
an  intracellular  and  nuclear  protein  that  is  secreted  in  a  signal 
sequence-independent  manner  and  regulates  cell  migration  and 
invasion  through  binding  to  its  cell  surface  receptor,  RAGE  (33, 
34).  Blockade  of  RAGE-amphoterin  signaling  decreased  tumor 
growth  and  metastases  in  mice  (35). 

Another  modification  to  the  original  in  vivo  phage  screening 
protocol  was  to  enrich  the  library  by  selecting  on  isolated  bone 
marrow  cells  before  the  in  vivo  screening  step  for  tumor  homing. 
Our  aim  was  to  identify  proteins  or  peptides  that  would  recog- 
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Fig.  6.  Nuclear  localization  of  the  L-  and  D-forms  of  the  F3  peptide.  Nuclear 
localization  in  HL-60  cells  of  F3  (a)  or  ARALPSQRSR  control  peptide  (6).  (c-f) 
Uptake  by  MDA-MB-435  cells  of  F3  synthesized  either  from  L  or  D  amino  acids. 
The  cells  were  treated  as  in  Fig.  5 A  and  stained  with  4,f6-diamid$no-2- 
phenylindole  before  examination  under  a  confoca!  (a  and  b )  or  inverted 
fluorescent  microscope  (c-f).  <c  and  e)  Peptide  staining  (green);  (d  and  f) 
nuclear  staining  (blue).  (Magnifications;  a  and  b,  x400;  c-f,  X200.) 


nize  an  epitope  shared  by  bone  marrow  progenitor  cells  and 
tumor  endothelial  cells.  The  F3  peptide  appears  to  fulfill  this 
expectation.  It  recognizes  a  minor  population  of  progenitor 
cell-like  bone  marrow  cells,  the  closer  identity  of  which  remains 
to  the  established,  and  it  also  binds  to  endothelial  cells  in  tumors. 
This  “dual  target”  screening  approach  is  likely  to  further  expand 
the  utility  of  in  vivo  phage  screening. 

The  specificity  of  the  F3  peptide  is  broader  than  binding  of  the 
bone  marrow  subpopulation  and  tumor  endothelial  cells;  F3 
binding  is  a  shared  property  of  tumor  cells  and  tumor  endothelial 
cells.  F3  appears  to  recognize  a  variety  of  tumor  types;  all  tumors 
we  have  tested,  including  the  TRAMP  mouse  prostate  carcino¬ 
mas  (36),  have  been  positive  for  F3  binding.  In  addition  to  the 
tumors  and  bone  marrow,  systemically  injected  F3  recognizes  a 
minor  population  in  both  the  normal  skin  and  the  gut.  These  cells 
are  not  associated  with  the  vasculature,  but  their  tissue  local¬ 
ization  did  not  suggest  any  obvious  identity  for  these  cells.  The 
F3  binding  specificity  in  the  bone  marrow  and  in  tumors  suggests 
that  the  positive  cells  in  the  skin  and  gut  may  represent  some 
kind  of  a  progenitor  cell. 

The  strong  accumulation  of  fluorescein-labeled  F3  in  tumor 
vasculature  and  tumor  cells  suggests  that  this  peptide  may  be 
useful  in  targeting  therapeutic  agents  into  tumors.  Other  homing 
peptides  isolated  by  in  vivo  phage  display  have  given  promising 
results  in  this  regard  (25, 37,  38).  As  fluorescein  and  rhodamine 
conjugated  to  F3  accumulate  in  tumor  tissue,  one  can  expect  a 
drug  conjugate  to  do  the  same. 
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A  feature  of  F3  that  makes  it  uniquely  promising  for  drug 
targeting  applications  is  its  uptake  by  cells  and  its  ability  to  carry 
a  payload  into  the  cell  nucleus.  We  saw  intracellular  accumula¬ 
tion  of  fluorescence  from  fluorescein-labeled  F3  in  the  cyto¬ 
plasm  of  the  target  cells  both  in  vitro  and  in  vivo.  The  fluores¬ 
cence  accumulation  was  particularly  striking  in  the  nucleus.  The 
F3  peptide  is  highly  basic  and  is  apparently  recognized  by 
the  nuclear  import  machinery.  The  D-form  of  F3  also  enters  the 
cells,  although  it  is  not  efficiently  translocated  into  the  nucleus. 
These  properties  are  reminiscent  of  the  cellular  uptake  and 
nuclear  translocation  of  highly  basic  peptides  from  Tat  protein 
and  certain  homeobox  proteins  (39-41).  Such  peptides  are 
commonly  used  to  introduce  proteins  and  genes  into  cells.  The 
mechanisms  whereby  these  peptides  enter  cells  are  poorly  un¬ 
derstood,  but  their  internalization  is  known  not  to  require 
cellular  energy.  We  find  that  the  internalization  of  fluorescein- 
labeled  F3  by  tumor  cells  does  not  take  place  at  4°C,  indicating 
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